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16, Abstract The type of coplanar back contact solar cell described in this report was constructed with
interdigitated n+ and p+ type regions on the back of the cell, such that both contacts are made on
the back with no metallization grid on the front. 	 This cell construction has several potential ad-
vantages over conventional cells for space use- -namely, convenience of interconnects, sower operating
temperature and higher efficiency due to the elimination of grid shadowing.
	
However, '?;he processing
is more complex, end the cell is inherently more radiation sensitive.
	
The latter problem can be re-
duced substantially by making the cells very thin (approximately 50 um).
Two types of interdigitated back contact cells are possible, the types being dependent on
the character of the front surface.
	 The front surface field cell has a front surface region that is
of the same conductivity type as the bulk but is more heavily doped.
	 This creates an electric field
at the surface which repels the minority carriers.	 The tandem junction cell has a front surface
region of a conductivity type that is opposite to that of the bulk.
	 The junction thus _rcated floats
to open-circuit voltage on illumination and injects carriers into the bulk which then can be col-
lected at the rear junction. 	 For space use, the front surface field cell is potentially more radi-
ation resistant than the tandem junction cell because the flow of minority carriers (electrons) into
the bulk will be less sensitive to the production of recombination centers, particularly in the space
charge region at the front surface.
As a consequence_ of the above considerations and the relative ease of fabrication, the ef-
forts of this program were directed towards the fabrication of a front surface field interdigitated
back contact cell.	 The fabrication efforts were assisted by modeling and analysis intended to pin-
point the major loss mechanisms limiting efficiency.
Efforts to fabricate high efficiency, ultrathin coplanar back contact cells are desc shed.
Included is a description of design considerations, cell fabrication, and theoretical and e:q,eri-
mental analyses of loss mechanisms.	 The result of these efforts has been the fabrication of a 11.8%
AMO efficient, 50 um cell when measured at 25 0 C.	 Design and process changes required to increase
the efficiency and yield are indicated.
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1.0 Introduction
The coplanar back contact solar call (Ref. 1&2) is constructed with inter-
digitated n+ and P type regions on the black of the cell, such that both
contacts are made on the back with no metallization grid on the front.
This cell construction has several potential advantages over conventional
cells for space use - namely, convenience of interconnects, lower
operating temperature and higher cfficiency due to the elimination of
grid shadowing. However, the processing is more complex, and the cell
is :inherently more radiation sensitive. The latter problem can
be reduced substantially by making the calls very thin (approximately
50 {.gy m) .
Two types of interdigitated back contact cells are possible, the
types being dependent on the character of the front surface. The front
surface field cell, has a front surface region that is of the same
conductivity type as the bulk but is more heavily doped. TIAs creates
an electric field at the surface which repels the minority carriers.
The tandem junction cell has a .front surface region of a conductivity
type that is opposite to that of the bulk. The junction thus created
.floats to open-circuit voltage on illumination and injects carriers into
the bulk which then can be collected at the rear junction. For space
use, the front surface field cell is potentially more radiation resistant
than the tandem junction cell, because the flow of minority carriers
(electrons) into the bulk will be less sensitive to the production of
recombination centers, particularly in the space charge region at the
front surface.
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As a consequence of the above considerations and the relativA ease
of fabrication, the efforts of this program were directed towards the
fabrication of a front surface field interdigitated tack contact cell.
The fabrication efforts were assisted by modeling and analysis intended
to pinpoint the major loss mechanisms limiting efficiency.
Efforts to fabricate high efficiency, ultrathin coplanar back contact
cells are described. Included Is ra description of design considerations,
cell fabrication, and theoretical and experimental analyses of loss
mechanisms. The result of these efforts has been the fabrication of a
11.8% AM0 efficient, 50 pm call when measured at 2.5 00. Design and
process changes required to increase the efficiency and yield are indicated.
2.0 Technical Discussion
The objectives of this development program were to explore and assess
methods for making interdigitated coplanar back contacts suitable for
ultrathin high efficiency silicon solar cells for space use, to fabricate
cells by the best method and to identify any areas that require further
development. An efficiency goal of 14% AM0 was set for cells with as
nominal thickness of 50 to 75 micrometers where Moth n and p }
 contacts
were formed on the back of the cell. Simple test structures were to be
used where possible for the exploratory effort and methods assessment in
'Bask 1, Investigation of Techniques. The Task I effort included design	 4
considerations and computer modeling and is described in Section 2.1.
The Task II effort encompassed cell fabrication and evaluation and is
described in Section 2.2 along with a summary of all cell ,Fabrication
efforts.
2
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2.1 Investigation of Techniques
Three principal ares of investigation of techniques were of interest
in the development of the coplanar back contact cells. These relate to
formation of the front surface field, solar call design considerations
for the optimum arrangement of interdigitated n+ and p+ fingers on the
back of the cell and computer modeling efforts tying together these two
areas of investigation with minority carrier and diffusion length effects
in the bulk. Each of these is described in the subsequent subsections.
2.1.1 Front Surface Field Formation
Pyrolytic boron-doped oxide deposition was used to establish the
front surface field, Initially, in order to establish a baseline measure-
ment technique, undraped MOS structures were fabricated. Automatic capaci-
tance/conductance bridges for both lKHz and Mz measuring frequencies
were employed for capacitance-voltage and conductance-voltage evaluation
of the simple MOS structures. The results were used to determine the
silicon surface doping concentrations and the oxide-silicon surface
interface fast state densities. In addition to the pyrolytic oxide,
tantalum oxide was used as an MOS dielectric to exercise measurement of
silicon surface potentials. Measurements on MOS capacitors (Al-Oxide-Si-
Al) containing either an undoped pyrolytically deposited oxide or Ta205
w, r e made in order to obtain base line information. Figure 1 shows
typical capacitance-voltage results for SiO2 and Ta205 structures, The
w
capacitance-voltage curve for the SO 2 suggests that the conduction
band in the p-type silicon bends downward at the SiO2 Si interface.
i
Consequently, it appears that substantial recombination at a Si-SiO2
interface is probable. For the Ta? 053' the conduction band is indicated
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to be flatter as it approaches the Si-Ta 20 5
 interface, and recombination
at the interface is correspondingly less likely. However, Ta 20S still
does not appear to be capable of lessening surface recombination
sufficiently.
A number of wafers containing A1- SiO2 :B-Si-AI MOS structures were
then fabricated and measured. The boron doped -aids thickness was
between 0.1 and 0.12 um. The wafers were exposed to tetatperatures
ranging from 7000C to 950°C for = 20 minutes prior to metallization in
order to diffuse boron into the silicon. The results of capacitance-
voltage measurements are seen in Figure 2. Under the assumption that the
diffusion of boron into the silicon with resultant conduction band bending
is responsible for the shift of the C-V curves, the results indicated
that sufficient boron diffusion was occurring at 800 00 and above to form
an effective front surface field. Consequently, during cell fabrication,
it was concluded that formation of the front surface field could occur
at the same time that the n+
 layer is diffused (Tdiff " 8700C).
2.1.2 Design Considerations for the Interdigitated Back-Contact Cell
The basic cell configuration is that as seen in Figure 3. At the
cell front, there is the anti-reflection :oating and the p+ diffused region.
At the cell back are repeated phosphorus doped n+, p, aluminum doped p+,
and p regions. The principal loss mechanisms can be readily detailed.
For the short-circuit current and open-circuit voltage they are:
• front surface recombination due either to processes in
the silicon or at the silicon anti-reflection coating interface.
• recombination in the p-type bulk
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e back surface recombination at the p-region surface or
in the p+ region.
For the fill factor, the series resistance and/or shunt resistance is the
major potential loss mechanism.
Front surface recombination can be minimized by low temperature
diffunion of boron into the silicon and by using high index anti-
reflection coating that causes band bending at the surface which repels
minority carriers. Tantalum oxide is an anti-reflection material that
does this.
Recombination in the bulk can be minimized by using starting material
with a high lifetime and by utilizing cell fabrication processes that do
not degrade lifetime. Also, the infl.utnce of the bulk recombination can
be reduced by utilizing thin silicon slices (e.g., 50 um thick).
FRONT
	 Ta205 AR Coating
B ?loped P+ Region
-0-- P Region
N+ Region	 Z'+ Region
Figure 3. CROSS-SECTION OF A COPLANAR-BACK-
CONTACT CELL
NL
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Back surface recombination at the p and p+
 surface can be reduced
primarily by minimizing, the back surface area containing these regiona
-- that is, the n+
 diffused region should be maximized.
In summary, the combination of low front surface recombination,
high index anti-reflection coating, high bulk lifetime, thin wafers and
a maximized back n+ region should lead to nigh short-circuit currents and
open-circuit voltages. In fact, with low front surface recombination and
a maximized back n+ region, the effect of the bulk lifetime on the short-
circuit current and open-circuit voltage is diminished for very thin cells.
When the minority carrier diffusion length, L n , exceeds the width of
the gap between n+ regions the open-circuit voltage is enhanced because
the reverse saturation current is decreased (minority carriers injected
into the bulk will re-inject into the n region before recombining).
This phenomenon is similar to that seen in vertical junction cells(Ref. 3)
Series resistance can affect the fill factor of the cells, but it
Is possible to have a more heavily diffused n +
 region and wider contacts
because they are located on the back. The n+
 area is maximized consistent
with adequate p+
 contact area and minimum p-surface. Too narrow a p-region
can result in lateral shunting, but is desirable from the standpoint of
minimizing back surface recombination velocity.
2.1.3 Computer Modeling and Analysis
During the course of the cell fabrication efforts, a computer model
of the cell was developed and a number of measurements were made in order
to determine the principal loss mechanisms. Since maximizing, the current
8
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produced by the cells also leads to a maximization of the open-circuit
voltage and efficiency, the analysis efforts were concentrated on the
short-circuit current.
The computer model used the relaxation method on a two dimensional
lattice of points. (See Appendix for a more detailed description of the
relaxation method). The boundary condition on the front surface is a
given surface recombination velocity. The p + region and the back p region
between the fingers are also modeled by assigning hypothetical surface
recombination velocities. The n+ region boundary is taken at the edge
of the depletion region in the bulk. For short circuit current the n+
boundary condition is zero excess minority carriers.
After the relaxation method was used to calculate the distribution
of minority carriers in the bulk, the short circuit current was calculated
from the minority carrier gradient at the junction that bounds the n+
region.
The calculation of photogeneration rates in the silicon bulk takes
into account the variation of absorption coefficient with wavelength.
Thus the photogeneration rates from front to back are realistically modeled.
The computer model assumes that there are no reflection losses since the
computer: derivttd short circuit current can be scaled to any assumed wave-
length independent absorption.
The results of the computer modeling show a maximum su -fa4 a recombina-
tion velocity that must not be surpassed in order to achieve high efficiency.
:ioughly speaking, this maximum is 100 cm /sec. Three surfaces must be
considered: the front surface, the p+ region of the back surface, and
the region between the contacts, which we shall call the p-region. The
short cii%^.uit current changes as surface recombination velocity is varied
9
as shown in Figure 4and 5. In both f igures Ise is drawn as a finction
of the front surface recombination velocity. In Figure 4 the p surface
recombination velocity effect is shown by drawing three curves for Vs+ •SO
100, 1,000 and 10,000 cm/sec. The case of VSO+ = 10 cm/sec is nearly
identical to the 100 cm/sec case. In Figure 5 the three curves represent
variations of the p-region surface recombination velocity, Vs,P.
The same three values are used, VSO. 
100, 1,000 and 10,000 cm/sec.
Also, for this graph the curve for V
s,p . 
10 cm/sec would be nearly
identical to the curve for V s . 100 cm /sec.
In comparing Figure 4 and Figure 5 it can be seen that the loss of
current, as VSOP is changed from 100 to 1,000 cm/sec is not as great as
the same change in V s,p +. This is consistent with what one would expect
for the particular configuration being considered, i.e., 13-1	 5-1.
The numbers stand for a 13 mil wide n region, a 5 mil wide p + region,
and one mil p-region between the two regions. Hence the ratio of p+
area to p area is 5/2, and consequently the cell is more sensitive to
variations in the p+ surface recombtiation velocity than the rear p-
surface recombination velocity.
The finger geometry was subsequently improved by going from 13-1-5-1
to 16-1-2-1. The non junction area to total, area was thereby decreased
from 7/20 (35X) to 4/20 (20%). For this geometry the effect of recom-
binatlon in the bulk was studied with the computer model. The results
are shown in Table 1. As expected,, when the diffusion length approaches
the cell thickness, or less, a substantial decrease in the short-circuit
r.
current occurs.
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TABLE I
The Effect of Minority Carrier Diffusion Length
On Short Circuit Current Density
No Reflection Losses are Assumed
Geometry:
	 Recombination Velocity:
n+	p+	 (cm/sec)
16 - 1 - 2 - 1 (mils) ; 3 mil thick 	 p
	
1000.
p+	100.
front	 4. & 100.
L
(cm)	 CURRENT (mA/cm2)
4.	 100.-V front (cm/sec)
s
	
.1	 44	 43
	
.05	 44	 43
	
.03	 43	 42
	.02	 41	 40
	
.015	 39	 37-1/2
	
.01	 33	 32
i
r
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2." Cell Fabrication and Evaluation
The process sequence developed for this cell is shown in Figure 6
After thinning with a NaOH et;h, a boron doped silicon dioxide layer is
deposited on the front of the slice and an un-doped oxide layer on the
back. In a series of photolithography steps, portions of the back oxide
are removed for phosphorus diffusion and high-low p+ - p junction forma-
tion with evaporated Al as the source. The resultant n and p+
 regions
are then metallized with Ti-Pd-AS to provide contacts to the cell. The
front oxide is then removed and a Ta 205 anti-reflection coating applied.
In the course of the cell fabrication efforts, three different cell.
thicknesses (50 um, 75 pm, and 125 um) and three different mask patterns
For the back diffused regions (16 mil-n +, 1 mil-p+, 2 mil-p+, 1 mil-p;
15 mil-n+, 1 mil-p, 5 mil-p
+
, 1 mil-p; and 5 mil-n+, 5 mil-p, 5 mil-p+,
5 mil-p) *nzt,, investigated. The thinnest cell and the 16-•1-2-1 diffused
region configrration were chosen in order to maximize efficiency. This
diffuse: region configuration of the cell back is shown in Figure 7.
2.2.1 Cell Fabrication Chronology
To obtain base line information, undoped oxides were pyrolytically
deposited on 125 pm thick Si wafers using the 5-5-5-5 geometry. 	 Figure
S curve 1 shows the I-V curve of the best cell from this effort (AMO
efficiency equals 2.9% at 25 0c). When the oxide layer was removed from
other cells from this lot, Jsc decreased from = TO mA/cm2 	 A/cmto = 2 m2.
A Ta205 anti-reflection coating did not increase the current density above
that expected from the change in the reflectance. Next, a set of cells
was fabricated with boron doped SiO 2 on the front and undoped SiO 2 on the
l	
back. Figure 8 curve 2 shows the I-V curve for the best cell in this group.
E`	 *5 mil n+, 5 mil p, 5 mil p+, 5 mil p
14
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FIGURE 6: PROCESS SEQUENCE FOR THE COPLANAR BACK-CONTACT CELL
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Figure 7. DIFFUSED REGION AND CONTACT CONFIGURATION OF COPLANAR-
BACK-CONTACT CELL
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An AMO efficiency of 5.8% at 25 00 was measured. Short-circuit current
densities near 17 mA/cm2 were measured on cells from this group although
they had a thick SiO2 :B layer. This layer was partially removed on some
cells so as to have a first order anti;,-reflection coating,. J I s exceeding
sc
20 mA/cm2 were then measured.
The internal collection elf iciency of the cell shown in Figure 8 ,
curve 2 was calculated from the quantum yield and reflectance and is shown
in figure 9.	 The respoAse. of the cell remains unchanged for wavelengths
between 400 nm and 1000 nm. Tnis result suggested that significant
recombination was occurring at the SiO2
 - p-region interface at the back
of the cell.
The first experiment to reduce the back surface recombination in-
volved the deposition of boron doped x30 2 over the entire back of the
cell, the idea being to create a field at the surface of the p-regions
that would repel the minority carriers. An increase in current density
to approximately 20 mA/cm2 was measured for the doped oxide ells. This
contrasts with approximately 15 mA/cm2 for the undoped oxide cells. Al-
though there was an increase in current density, the cells showed poo:
open circuit voltages (<500 mV) and fill factors. It was believed that
the boron doping affected the n+ regions and further experiments in this
direction were terminated.
The second experiment involved the expansion of either the n+
 or p+
regions so as to minimize the width of the p-regions. Masks were fabricated
in-house for this purpose. The new pattern had either 15 mil wide n and
5 mil wide p+ regions or 15 mil wide p+ and 5 mil wide n+ retions. Because
there was little or no p-region on the back surface separating the n+ and
18
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k	 p+ regions, it	 expected that both Voc and the fill factor would be
pmor. Cells with expanded n regions were measured to have current	 j
i
	 densities e.—eding 25 mA/cm2 even with glass front layers having an
h
	
	
average reflectance between 25 and 30%. The boron doped SiO2 layer on
one of the cells was etched to first order anti-reflection coating thick-
ness (approximately 10-15% overall reflectance). Cell current density
increased from approximately 23 mA/cm2 to almost 28 mA/cm . The I-V
3
curve of this cell is seen in Figure 10. Both quantum yield and reflec-
tance measurements were made on this cell. The results of these measure-
ments are seen in Figure 11. The internal collection efficiency is
approximately 70% between 400 nm and 900 nm and increases to 85% at 1000
nm. This indicates that either some front surface recombination is
occurring or the minority carrier diffusion length was not large enough
and that back surface recombination was substantially reduced.
Expanded p+ region cells had an average current density approximately
one-half that of the expanded n+ region cells, indicating that this was
not a good geometry.
A few 50 }gym thick cells were also fabricated in this experiment.
For cells having an expanded n+ region, current densities were equivalent
to the 125 }gym thick cells (i.e., approximately 22 - mA/cm 2 with the boron-
doped glass intact.)
These experiments indicated that considerably different diffused
region widths were needed for high efficiency cells. The initial result
from the modeling of the effects of surface recombination on cell performance
were also obtained at this time. They confirmed that for attainable values
of the surface recombination velocity of a p-Si0 2 interface (1000 cm/s),
20
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jthe width of the back p-regions g ust be minimized in order to obtain the
required 4:?rrent densities (= 40 mA/cm 2). Masks were therefore fabricated	 j
to reduce the size of the p-region.
Cells were then fabricated using a 13-1-5-1 (n+-p-p+-p) mask
configuration. Two ohm-cm Czochralski silicon was thinned to 75 pm
thickness and the wafers were diffused at 8800C. The I-V characteristics
of the besr tell from this effort are seen in Figure 12. The AMO efficiency
was 7.0% for a front surface field planar cell with a non-optimized SiO2
anti-reflection coating. The results on cells using the expanded n + region
clearly showed the increased current and efficiency expected.
Fabrication efforts continued using the 13-1-5-1 (n+-p-p+-p) mask
configuration and 1.3Sd-em float zone wilicon. The latter wes introduced
in order to improve the base lifetime of the device. The silicon was
etched to 75 }gym thickness, and diffusions were done at 8800C. The boron-
doped silicon dioxide on the front surface was stripped, and a spin-on
and sintered Tao anti-reflection coating was put in its place. The best
X.
cells had an AMO power of 52 mW (9.5% efficiency) and a short circuit
current density of 29.5 mA/cm 2 . Scanning of one of these cells with a 90
pm spot of light showed dea-reases in the short circuit current above the p
and p+
 regions, indicating that recombination was taking place at the p and
p+ surfaces.
At this time, new a,,asks having a 16-1-2-1 (n+-p-p+-p) configuration
were received, and fabrication commenced using 1.3 S.-cm float zone silicon of
75 pm thickness. Diffusions were carried out at 880°C. A spin-on TaOx
anti-reflection coating was applied after removal of the SiO 2 :B front layer.
The best cell fabricated showed AMO power of 60 mW (10.9% efficiency) and
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a short-circuit current density of 34.5 mA/cm2 . The gain in efficiency was
clearly attributable to the expanded n*-region.
The previous experiment was repeated using 5 St-cm float zone silicon
thinned to a thickness of 50-60 Um. Figure 13 shows the I-V characteristics
of the best cell fabricated in this group. The AMO peak power and short
circuit current density were measured to be 64 W (11.7% efficiency) and
36.5 mA/cm2 , respectively. The increase in current is believed to be
attributable to the fact that the distances that minority carriers must
diffuse before reaching the. n+_p Junction has been reduced -- that is,
bulls recombination becomes less likely as a minoritycarrier loss mechanism.
Other Fabrication Efforts - Concurrent with the efforts discribed above,
other process modifications directed toward achieving higher efficiency
cells were investigated.
There was one attempt to fabricate a tandem Junction cell - that is,
a cell in which there was an n+-diffused region on the front. Low
efficiencies (<4% AMO) and low short circuit densities (<15 mA/cm2)
resulted, and further work was abandoned because of insufficient time.
Textured cells were fabricated concurrently with planar cells in a
number of the experimental lots. In every instance, the planar cells had
higher efficiencies than the textured cells, although in an experimental
group with 50-60 pm silicon slices, the textured cells had equivalent or
slightly greater short circuit current densities ( x 36.5 mA/cm2). There
was no attempt to spin on an anti-reflection coating; rather, the silicon
dioxide initially deposited. on the front surface was left intact„ Con-
sequently, optimum optical coupling was riot obtained. Fabrication. of
25
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textured cells was plagued by even lower yields than those of planar cells.
Because of this, primary efforts were directed towards the fabricatioi of
the planar cells.
In one of the experimental lots, a number of cells were diffused at
9500C in addition to those diffused at 8700C. The purpose was to determine
if a variation of the diffusion temperature would affect the cell efficiency.
It was found that the higher diffusion temperature caused a substantial
decrease in the efficiency.
2.2.2 Production Effort
In the first task, a process was dev;aloped that was likely to result
in cells having A1O efficiencies between 13 and 14 per cent. This process
sequence is seen in Figure 6 . The goal of the second task was to fabricate
48 cells with efficiencies in the 13-14% range. The strategy employed was
to fabricate a sufficiently large number of cells such that the top of the
distribution would provide the required cells.
During the task one efforts, a major problem that was encountered was
misalignment of the back metallization and diffusion regions due to faulty
masks. For the task two efforts, this problem was corrected.
Four lots of cells were begun, each lot consisting of 12 to 13 wafers.
The potential number of cells was = 300. In the first two lots, few cells
survived the processing. Of those that did survive, the process was found
to be capable of producing cells of acceptable efficiency 0 9% AMO
with a non-optimized SiO 2 anti-reflection coating). Fabrication problems
severely reduced yield - specifically, major problems were encountered in
photolithography and silver plating. The photolithography had to be
27
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repeated several times, with substantial breakage occurring each time.
Breakage occurred at silver plating because of inadequate f ixturing for this
step.
Measures were adopted to reduce the losses at each of these steps,
and, in the final lot fabricated, a total of 19 cells out of 72 reached
test. No cells having efficiencies in excess of 12% were fabricated.
Most of the cells that reached test had some shunting in the I-V charac-
teristics. On examination of the back Al-alloyed region, it was observed
that aluminum had flowed across the oxide on top of the p-region and had
come in contact with the n+
 diffused region.
No further attempts were made to fabricate cells because solution to
the fabrication difficulties would require efforts beyond the time and
funding left in the program.
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3.0 Summary and Conclusions
• It has been possible to successfully fabricate 50 pm-thick
coplanar back contact cells with a front surface field (FSF).
Efficiencies up to = 12% AMO have been obtained, and even
higher efficiencies could be obtained if various recombina-
tion losses were reduced.
• Recombination losses at the front surface have been minimized.
The primary losses occur at the back p- and p+- interfaces and
•	 within the bulk p-region. Reduction of the interface losses by
passivation (p-surface) or by introducing a more effective high-
low junction (p +_p) would significantly increase current collection.
• Computer modeling indicates the extreme sensitivity of the-short-
circuit current, and, thereby, the efficiency on the bulk lifetime.
Consequently, it is expected that the coplanar back contact cell
will be a very radiation sensitive device. To minimize this sensi-
tivity, a cell must have a high initial bulk minority carrier
lifetime and be as thin as is practical to fabricate (at present,
this limit is = 40 um).
• A front-surface field cell is expected to be less radiation sensitive
than the tandem junction cell, since radiation damage in the front
surface space charge region will have a minimal effect on the flow of
minority carriers away from the front surface.
^, a
	
• Because of the minimal metallization on the rear of the coplanar
back contact cell, it is expected that this type of cell will run at
cooler temperatures in a space environment. Most long wavelength
light will be transmitted through the cell with little absorption.
29
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APPENDIX
Description of Computer Program Used to Model Coplanar Back Contact Cells
A computer program was written to model the diffusion of photo-
generated minority carriers in bulk silicon. The diffusion equation can be
written as	 02n - L2 + D - 0	 (1)
	
n	 n
where n is the minority carrier density in excess of the equilibrium value,
G is the photogeneration rate, L  is the diffusion length, and D  is the
diffusion constant. It is assumed that there are no electric fields in the
bulk. Our work has been with moderately doped silicon, 1 to 10 n-cm,
tested under AMO illumination without concentration. Under these conditions
the calculation of current based only on minority carrier diffusion is valid.
The diffusion equation is solved using the relaxation method. For this
method the carrier density in the silicon bulk is specified at lattice points
as shown in Figure A-1. The number of lattice points can be as large as
20 x 20. The diffusion equation can be rewritten as an algebraic equation
between nearest neighbor points as shown in Equation 2.
(n+,o + n-,o - 2no,o)/Ax2
	(2)
+(no
 + + no , _ - 2no oAy2
-no o /L2n + Go o /Dn s 0
Equation 2 can be solved for n 	 as
o,o
n	 -
o,o - l(n+,o + n- 0).{l/px }
P
.t-(no, -
	
o'+)-fl/+ n 	 y2)
+{Go,o /Dn11/{( l/L 2 ) + 2(1/Ax2 +l/Ay2 ) }	 (3)
. J;
IFigure Al. Lattice Point Notation and
Boundary Conditions.
I
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Since the calculation of no 00 comprises the inner most program loop,
the terms in brackets ' 0, are constants that are calculated only once each
experiment in order to speed the computation of Equation 3.
The photogeneration rate at each point, G0 o , is calculated by splitting
the AMO spectrum into eight wavelength bands spanning the absorption spectrum
of silicon (300 nm 1100 nm). A characteristic absorption constant is used
for each band as shown in Table A-l. For each band the number of photons
absorbed each Ay thickness is calculated and added to the appropriate 
Go o'
The relaxation method involves the application of Equation 3 for each
point on the lattice. The results (Left-hand-side of Equation 3) are
stored in a temporary file until all points have been considered. The
results are then used for the right-hand-side of Equation 3 and the cycle is
repeated. About 400 cycles are required to obtain an accuracy of about
1% in carrier density.
At the boundary one or two nearest neighbors are points outside the
silicon. A carrier density is derived for these external points by consider-
ing boundary conditions. Referring to Figure Al, regions I, VI. and V are
assigned finite surface recombination velocities. Region III is
assigned zero carrier density and region 11 reflects the carrier density on
the opposite side of the dashed line. The minority carrier density, n, used
for an external point with a given surface recombination velocity, V s, is
given by Equation 4.
n = no 0 0 (1 - (Ay • VS/Dn))	 (4)
The short-circuit current, I sc , is calculated from the points adjacent
to the n^ region.
N
Isc = (qDn/by)((Enk)/N)	 (5)
k=1
In Equation 5, N is the number of points adjacent to the n+ region
and q is the unit of charge.
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TABLE A-1
Photon Flux and Absorption Constant For AM0
Wavelength Band
(microns) Photon Flux AbsorptionUum2sec) Coefficient
^/cm)
. 3 -	 .39 .17E17
.11E7
.4	 -	 .49
.41E17
.23E5
.5 -	 .59
.49E17
.72E4
.6 -	 .69
.50E17 32E4
.7 -	 .79
.47E17
.15E4
.8 -	 .89
.43E17
.64E3
. 9 -	 .99 .40E17
.22E3
1.0 -1.09
.35E17
.30E2
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